Plankton exhibit diverse and dramatic responses to fluid motions, and these behaviors are likely critical for survival and fitness. Fluid motions can be generated by organisms or by physical processes, including turbulence and surface gravity waves. Physical processes vary geographically in their intensity and generate hydrodynamic signals experienced by plankton as fluid forces on their sensory receptors. In this synthesis, we review how turbulence and waves vary in space, the scales and statistics of their motions, and the forces exerted on plankton. We then quantify the hydrodynamic signals produced by turbulence and waves in four seascape types -surf zones, inlets and estuaries, the continental shelf, and the open ocean -using published dissipation rates, wind and wave data from buoys, and observations from two coastal sites in Massachusetts, USA. We relate these geographic patterns in signals to the observed behaviors of example species and to the forces sensed by typical plankters with different receptor types. Turbulence-generated shears are largest in the surf zone, inlets and estuaries, while wave-generated accelerations are larger offshore; as a result, each seascape exhibits some range of combined shears and accelerations that is distinct. These signals generate forces on plankton that vary among habitats and with plankton size and swimming speed. Spatial patterns in fluid forces create a potential mechanism for dispersing larvae to distinguish habitats by their hydrodynamic signatures. However, turbulence can be strong in all seascapes and may cause widespread interference in signaling among predators and prey. Plankton with a single receptor type could identify nearshore habitats, while those with multiple receptor types potentially could distinguish inshore vs. offshore seascapes or decode signals produced by physical processes and by other organisms.
Introduction
Microscopic plankton exhibit diverse reactions to fluid motions, and flow-induced behaviors may be critical for the survival and success of drifting organisms that use physical signals to find prey, to avoid predators, or to exploit currents for transport. In the lifeor-death interactions among predators and prey, physical signals are considered the most effective means of communication. Predator or prey movements cannot be seen by zooplankton with simple visual systems, and chemical signals are transmitted by diffusion too slowly to warn of approaching plankters or particles; in contrast, flow sensing is feasible for organisms of at least a few micrometers in length (Martens et al., 2015) , and fluid motions can be transmitted and perceived rapidly (reviewed by Kiørboe, 2011; Kiørboe, 2013) . Water motions cause some zooplankton to jump away or attack, enabling them to avoid predators or to capture prey (Feigenbaum and Reeve, 1977; Fields and Yen, 1997; Kiørboe, 2013) . Fluid motions also induce bioluminescent flashes in some phytoplankton that could startle their zooplankton predators or alert larger predators to their presence (e.g., Esaias and Curl, 1972; Latz et al., 2004; Haddock et al., 2010) . However, plankton react to fluid motions regardless of whether they are generated by organisms or by physical processes such as turbulence and surface gravity waves. At sea, predator-prey communications may often be disrupted by interference from background turbulence (e.g., Singarajah, 1975; Lang, 1980; Costello et al., 1990; Visser, 2001) .
Although environmental fluid motions act as noise in the context of predator-prey signaling, they may also act as sensory signals enabling migration into or away from particular environmental conditions. Some plankton migrate downward in the presence of strong wind-induced turbulence, avoiding high contact rates with predators near the surface and limiting flowinduced damage or disruption of swimming orientation (e.g., Barile et al., 1994; Incze et al., 2001; Rakow and Graham, 2006) .
Invertebrate larvae exhibit flow-induced changes in vertical swimming behaviors (Welch and Forward, 2001; Kingsford et al., 2002; Fuchs et al., , 2015b ) that could enhance larval supply to settlement sites in energetic coastal habitats (Fuchs et al., 2007; Fuchs and Reidenbach, 2013; Fujimura et al., 2014) . Recent work has also begun to highlight how larvae are affected by wave motions, both within and beyond the surf zone (Reidenbach et al., 2009; Gaylord et al., 2013; Koehl et al., 2013; Fuchs et al., 2015b) . Turbulence and waves have the potential to act as both sensory signals and noise but vary in their intensity among ocean regions, and there has been no systematic study of how this geographic variation is experienced by plankton.
Plankton research is sometimes presented in the context of geographic variation in turbulence using generalizations that lag advances in physical oceanography. Turbulence is typically quantified by the rate e at which turbulent kinetic energy is dissipated to heat, a useful metric for summarizing the nature of small-scale fluid motions. The notion persists that e is 100-1000 times lower in mixed layers in the open ocean than in coastal waters Fuchs et al., 2004; Geyer et al., 2008) . However, this concept of weaker turbulence offshore stems from a few classic observations that omitted measurements near the seabed or surface or in wavy conditions. This data gap is being addressed as technology evolves. Theory also has evolved, and our understanding of turbulence scaling near the surface has shifted from a classic boundary layer model, dependent only on the wind stress and depth (MacKenzie and Leggett, 1993) , to models that account for surface wave characteristics (Agrawal et al., 1992; Craig and Banner, 1994; Terray et al., 1996) . These developments in physical oceanography have been slow to permeate ecological understanding, and physical measurements are rarely presented in a form that is directly relevant to plankton.
The intensities of turbulence and waves are typically assessed using quantities that plankton experience only indirectly: turbulence is characterized by the dissipation rate, and waves are characterized by their amplitude and frequency. Plankton experience small-scale signals of these processes more directly in the form of instantaneous spatial and temporal velocity gradients (shears and accelerations) (Fig. 1) . These hydrodynamic signals are detectable when they exert sufficient forces to mechanically displace a plankter's external or internal sensory receptors relative to the body (Budelmann, 1989) . External mechanoreceptors detect fluid deformation and include setae of copepods, cilia of invertebrate larvae, and membrane-bound receptors in protists (e.g., Naitoh and Eckert, 1969; Mackie et al., 1976; Yen et al., 1992) . Internal gravity receptors or accelerometers detect changes in body orientation or speed and include Müller vesicles in ciliates and statocysts in invertebrates (reviewed by Budelmann, 1988) . Some common taxa lack internal accelerometers but can sense vibrations of external sensors (Feigenbaum and Reeve, 1977; Heuch and Karlsen, 1997) . The hydrodynamic signals used, threshold values, and reactions are as diverse as species' sensing mechanisms, behavioral functions, and habitat requirements; for example, escape jumps have been observed at signal thresholds with corresponding dissipation rates spanning over three orders of magnitude (e.g., Fields and Yen, 1997; Kiørboe et al., 1999; Jakobsen, 2001 Jakobsen, , 2002 Burdick et al., 2007) . We will review this behavioral variation in a separate publication. Here we focus on synthesizing statistical patterns in physical signals and forces that plankton experience due to geographic variation in the intensity of turbulence and waves.
Four major regions are proposed as potentially distinct hydrodynamic seascapes: the surf zone, inlets and estuaries, the continental shelf, and the open ocean. Finer habitat divisions are possible but may be useful only if there are hydrodynamic distinctions among major regions. Section 2 reviews the physical processes that generate spatial variation in turbulence and waves (Section 2.1), the scales and statistics of hydrodynamic signals generated (Sections 2.2 and 2.3), and the associated hydrodynamic forces on plankton (Section 2.4), including calculations needed for quantifying hydrodynamic signals. Readers familiar with these topics may skip to Section 3, which describes the methods we used to compile observations of turbulence and waves, to analyze how turbulence-and wave-generated signals covary in space, and to express these spatially varying hydrodynamic signals as forces on planktonic organisms. The results (Section 4) quantify the spatial patterns in turbulence-and wave-generated signals and induced forces on representative plankters. The discussion (Section 5) presents these patterns as a conceptual framework for understanding how turbulence and waves affect hydrodynamic seascapes and plankton sensory ecology.
Environmental fluid motions

Spatial variations in turbulence and waves
Turbulence and waves may be distinguishing features of seascapes because they are generated by morphology and physical forcing with different spatial and temporal patterns. Most turbulence is generated in boundary layers, in shear layers, and by internal waves, and its intensity varies with tidal currents, winds, and stratification over hours to days. In the bottom boundary layer (BBL), turbulence can be caused by shear instability associated with tidal, wave-driven, or wind-driven currents (e.g., Sanford and Lien, 1999; Trowbridge et al., 1999; Rosman et al., 2008) . In the surface boundary layer (SBL), turbulence can be caused by wind-driven shear instability or by whitecapping surface waves (Agrawal et al., 1992; Anis and Moum, 1995; Terray et al., 1996) . In the surf zone, turbulence is generated by depth-limited wave breaking (George et al., 1994; Trowbridge and Elgar, 2001 ). Turbulence influences more of the water column in shallower water where tidal currents are stronger and the surface and bottom boundary layers can overlap.
Surface waves can be caused by local winds (wind sea) or propagate from remote areas (swell) and vary over hours to days. Swell tends to have longer periods, longer wavelengths, and larger orbital velocities than wind sea (Pierson and Moskowitz, 1964; Hasselmann et al., 1973) , but whitecapping is more associated with wind sea than swell (Gerbi et al., 2009) . In sheltered embayments and estuaries, the waves tend to be dominated by the local wind seas and are fetch-limited (Roberts et al., 2000; Jackson et al., 2002) , although wind waves can be larger in channels and bays where the fetch is large (e.g., Stevens and Lacy, 2012) . In coastal regions exposed to the open ocean, either wind sea or swell can be the source of the dominant waves (Gargett et al., 2004; Styles and Glenn, 2005) . Wave motions attenuate with depth, weakening to < 5% of their surface magnitudes within a depth of one half the wavelength, but their influence can reach the bottom boundary layer in coastal regions (Trowbridge and Madsen, 1984; Grant and Madsen, 1986; Koehl et al., 2013) . Generally, waves are smaller in enclosed, shallow waters with a small fetch and larger and more energetic in open, deep waters where the fetch is unlimited.
Waves also can be a source of turbulent kinetic energy in the surface boundary layer through wind-driven whitecapping. Below depths of several wave heights, the dissipation rate follows the classic scaling for flow past a rigid boundary and can be estimated as
where u Ã ¼ ðs=q f Þ 0:5 is shear velocity defined by the wind stress s and the fluid density q f ; j ¼ 0:4 is von Karman's constant, and jzj is distance to the boundary. Near the surface, however, winddriven whitecapping injects energy into the boundary layer and raises the dissipation rate to approximately
where c e is the relative velocity at which energy is transferred from wind to waves (Gemmrich et al., 1994; Terray et al., 1996; Hwang, 2009 ) and H w is the significant height of the wind waves. This Eq.
(2) typically gives larger values of dissipation rate than Eq. (1) within several wave heights of the surface.
Scales of motion
Turbulence and waves generate motions independently (e.g., Trowbridge, 1998) and on different scales, so they have different effects on hydrodynamic signals. Small-scale turbulence has dynamics related to the dissipation rate e and the fluid's kinematic viscosity m (Tennekes and Lumley, 1972; Jumars et al., 2009 respectively, where shears include deformational (e.g., strain rate) and rotational (vorticity) motions (Table 1) . The highest shears tend to occur on length scales near g k (Tennekes and Lumley, 1972) . In turbulence, plankters will be able to sense any shears exceeding their detection limits over length scales at least as large as the sensing organs. Stronger turbulence produces both smaller eddies (Eq. (3)) and higher velocity gradients (Eq. (6), (7)) and is more detectable to plankters with a wider range of sizes and sensory mechanisms. Compared to Kolmogorov-scale turbulence, wave motions vary on similar time scales but larger spatial and velocity scales. Velocity gradients are generated by orbital motions with wavelengths k, wave amplitudes a, wave periods T ¼ 2p=x, where x is radian wave frequency, and orbital velocitiesũ max , whereũ max % 2pa=T at the surface. The two length scales describe how much energy is in the wave field (a) and the length scale on which that energy varies (k). Wave motions typically have scales of k % 1-100 s of m, T % 1-10 s, andũ max % 0:1-1 m s À1 or more (Mei, 1989; Traykovski, 2007) . Outside the surf zone, wave motions are approximately linear (Phillips, 1966) and produce shears and accelerations of order
respectively. For a given wave amplitude, shorter-period waves with smaller wavelengths produce larger shears and accelerations. In waves, shears act over wavelengths k that are always larger than plankton, and detectability will be limited only by shear magnitude. Because turbulence and waves have different scales of motion, they can produce velocity gradients, particularly accelerations, with disparate magnitudes. These magnitudes can be compared using Eqs. (6)-(9) to approximate when the velocity gradients produced by turbulence will exceed those produced by waves. If we set the quantities in Eqs. (6) and (7) greater than those in Eqs. (8) and (9) Table 1 Representative 2-dimensional expressions for variances of shears and accelerations generated by isotropic turbulence (denoted by primes) and linear wave motions (denoted by tildes) (Taylor, 1935; Phillips, 1966; Voth et al., 2002) . Symbols: Dux -longitudinal deformation rate; Duz -shear deformation rate; c -strain rate; n -vorticity; a -acceleration; r 2 -variance; e -dissipation rate; m -kinematic viscosity; a0 -constant (% 5); k -wavenumber (¼ 2p=k where k is wavelength); x -wave frequency; S -sea-surface displacement spectrum; F and F 0 -vertical structure functions (F ¼ coshðkðz þ hÞÞ= sinhðkhÞ, and F 0 ¼ sinhðkðz þ hÞÞ= sinhðkhÞ); z -vertical distance from mean sea surface; and h -water depth. ; Eq. 11).
Hydrodynamic signal statistics
The independent motions of turbulence and waves combine to produce the net fluid motions experienced by plankton. The relative contributions of turbulence and waves to small-scale motions can be quantified by decomposing the instantaneous flow velocity; for example u in the along-stream direction x becomes
where U is velocity averaged over time and space, u 0 is the instantaneous velocity fluctuation due to turbulence, andũ is the instantaneous velocity fluctuation due to wave oscillations. Similar decompositions apply to v and w in the cross-stream y and vertical z directions. Primes and tildes will be used throughout to denote turbulence and wave quantities, respectively. Taking space-or time-derivatives of Eq. (12) gives the instantaneous shears or accelerations due to turbulence and waves; for example,
where @u=@z is shear deformation rate, abbreviated hereafter as D uz , and @u=@t is unidirectional acceleration, abbreviated hereafter as a u (see Table 1 for velocity gradient definitions). These gradients are of the same order as other components of shear and acceleration (Table 1) , and we will use D uz and a u throughout to exemplify general patterns. Plankton likely respond to hydrodynamic signals when these total shears or accelerations exceed detection limits. Although instantaneous signals are difficult to predict, their statistics are easier to characterize, and the frequency of large D uz or a u is related to the signal variances and distribution shape. Assuming that turbulence and wave motions vary independently, they generate signals whose variances are also additive,
where r is standard deviation and subscripts correspond to the total, turbulence-generated, and wave-generated shears and accelerations. Turbulence generates normally distributed velocities (Mouri et al., 2002) , but because turbulence is intermittent, the distribution of velocity gradients can have long, flat tails (high kurtosis; Batchelor, 1953; Van Atta and Antonia, 1980; Gotoh et al., 2002; Beck, 2003) . Waves generate surface displacements and velocity gradients that are approximately normally distributed (Massel, 1996; Holthuijsen, 2007) . Vorticity is zero under linear surface waves, so the total vorticity is dominated by turbulent motions with a high-kurtosis distribution. The other total signal distributions (Eqs. (15) and (16) (15) and (16) can be estimated by assuming that turbulence is isotropic at the small scales relevant to plankton (Tennekes and Lumley, 1972) and that waves are governed by linear wave theory (Phillips, 1966) . In isotropic turbulence, the variances of shear deformation rates D 
where a 0 % 5 is the Kolmogorov constant (Taylor, 1935; Voth et al., 2002) . In surface gravity waves, energy is distributed across a range of frequencies, and the frequency dependence of the wave amplitudes is described by the sea surface displacement spectrum S. The hydrodynamic signal variances can be estimated as
where k is wavenumber ð¼ 2p=kÞ, computed from frequency using linear wave theory, and F and F 0 are frequency-dependent structure functions that quantify the vertical decay of wave motions (Table 1; Phillips, 1966) . In the absence of spectral data, signal variances can also be estimated using a simpler approximation assuming that all the energy is input at the dominant wave frequency x D as
where H s is the full significant wave height, defined as the mean height of the highest third of waves. The factor of 8 in the denominator arises from assuming that sea surface displacements are normally distributed and assigning all the wave energy to the dominant wave frequency. These equations (Eqs. (17)- (22)) provide a means of estimating the velocity gradients that plankton experience directly, which are rarely reported in observational studies, from a small set of environmental variables that are measured and reported more frequently.
Hydrodynamic forces on plankton
Hydrodynamic signals can be extrapolated directly to behavior in only a handful of species whose responses to flow have been thoroughly characterized (e.g., Latz et al., 1994; Kiørboe et al., 1999; Latz and Rohr, 1999; Fuchs et al., 2015b) . Although shears or accelerations are the ultimate inducers of a behavioral response, sensing occurs through a proximate mechanism of fluid forces that bend, stretch, or deform a sensory receptor (e.g., Gillespie and Walker, 2001; Echevarria et al., 2014; Tesson and Latz, 2015) . For example, a copepod would sense a linear velocity gradient du=dz that creates sufficient spatial variation in the drag force to bend the external sensory setae, inducing a neurophysiological signal (Gill and Crisp, 1985; Yen et al., 1992) . Similarly, an oyster larva can sense a velocity gradient that induces sufficient torque to rotate the larvae and induce motion of a statolith, bending the sensory hair cells within the statocyst lumen and transmitting a nerve impulse (Gallin and Wiederhold, 1977; Chia et al., 1981; Fuchs et al., 2015b) . Unlike shears and accelerations, fluid forces on a plankter depend on organismal characteristics such as size, mass, and swimming speed. To generalize how plankter characteristics affect flow sensitivity, it is useful to conceptualize hydrodynamic signals in terms of the forces exerted on plankton.
Some forces affect motion even in the absence of flow and depend on a plankter's mass, shape, or behavior. For example, if an organism swims or sinks, its motion is retarded by an opposing drag force
where q f is fluid density, A is projected area of the organism, C d is a drag coefficient, and u s is swimming or sinking speed relative to the water, where bold indicates a vector (e.g., Vogel, 1994 (Clift et al., 1978) . Many plankton fall in this category and can be treated as spherical with radius r, simplifying Eq. (23) to
This Stokes drag is caused primarily by skin friction on the body's surface and can be thought of as a baseline level of mechanical stimulus. Fluid motion exerts additional forces that may be experienced by plankton as a hydrodynamic signal, and these forces can be tangential or normal to a surface. Tangential forces are due to shear stress on an organism's surface and are proportional to the intensity of mechanical deformation of the body wall (e.g., Latz et al., 1994) . Shear stress is a force per unit area, s ¼ F s =A, and is typically defined as s ¼ mq f du=dz. By combining these two relations, we can express the tangential force on a body as
This ''shear force" is a simplified approximation of the tangential force from shear-induced added drag (Rubinow and Keller, 1961; Saffman, 1965; Kurose and Komori, 1999) . Fluid motions also exert normal forces due to longitudinal deformation (e.g., du=dx) that would stretch or compress a plankter. These signals are smaller than those due to shear deformation (Table 1) , and the mechanisms of stretch-or compression-sensing are unknown (e.g., Stake and Sammarco, 2003; Fraser, 2006) , so here we focus on the tangential shear force. The shear force creates a mechanical deformation through relative motion of fluid past the organism, like the viscous drag force but with two caveats. First, the viscous drag force F d is oriented opposite to any swimming or sinking motion, whereas the shear force F s orientation depends on flow direction relative to the body. Second, small-scale velocity gradients are approximately linear (Lazier and Mann, 1989) , and the shear force can have different signs on opposite sides of a suspended body. This asymmetry induces a viscous torque that rotates a plankter. At equilibrium, the angle of rotation / is determined by a balance of the viscous torque and the gravitational torque created by an offset in the centers of gravity and buoyancy,
where n is vorticity, L is the distance between the body's centers of buoyancy and gravity, q p is the plankter density, and g is the acceleration due to gravity (Kessler, 1986; Jonsson et al., 1991) . The distance L can be estimated from the body orientation in laminar shear or rotating flow but is typically a small percentage of the body length (L < 0:03d; Kessler, 1986; Jonsson et al., 1991) . Organisms that are more dense or have a more asymmetric density distribution are more resistant to shear-induced rotation (Mogami et al., 2001; Grünbaum and Strathmann, 2003) and may sense the shear force mainly as a deformation using external mechanosensors such as antennae. In contrast, neutrally buoyant, symmetric organisms are more prone to shear-induced rotation (Karp-Boss and Jumars, 1998; Guasto et al., 2012) and may sense the shear force mainly as a change in orientation using internal gravity-detectors such as statocysts.
Plankton also experience normal forces due to pressure gradients generated by fluid acceleration. The pressure gradient force is
where u is the fluid velocity vector and its derivative is taken following a particle's trajectory (Maxey and Riley, 1983; Mei, 1996) . Unlike the shear force, which can mechanically deform and rotate a plankter, the pressure gradient force accelerates the whole organism and contributes to its overall motion. These accelerationinduced motions likely would be sensed with internal motion detectors functioning as accelerometers. Both accelerations and shear-induced rotations could be detected with internal sensors such as statocysts (Fuchs et al., 2015b,a) , while shear forces could be sensed with internal or external receptors depending on the body's orientational stability (e.g., Kiørboe et al., 1999; Fuchs et al., 2015a) . For simplicity, we use the shear force F s and pressure gradient force F a to summarize the intensity of hydrodynamic signals that plankton would sense with different receptor types.
Methods
We examined how turbulence-and wave-generated signals vary among seascapes using three types of data: published dissipation rates and wave statistics, publicly available buoy data from the National Data Buoy Center (NDBC), and re-analyzed observations of turbulence and waves from two coastal sites. Most NDBC data were taken from discus and waverider buoys. Both buoy types provide historical data archived as annual records of basic wave data, including significant wave height and dominant wave period, that can be used to characterize wave-generated velocity gradients. Discus buoys also provide more recent, shorter (45-day) records of real-time data that have undergone fewer quality-control steps but include wind speed and wind-wave height, suitable for estimating dissipation rates and velocity gradients generated by both waves and turbulence. A synthesis of multiple data types enabled us to characterize the spatially varying intensity of turbulence and wave motions and to quantify the statistics of shears, accelerations, and hydrodynamic forces experienced by plankton in different seascapes.
Spatial variation in turbulence
We characterized the intensity of turbulence in different seascapes by compiling published dissipation rates and by estimating dissipation rates from buoy data (Fig. 2) . The published data are consolidated from diverse observations in each seascape type, including recent measurements near the surface and bottom boundaries and under breaking waves (see Appendix, Table A .1). The data represent a wide range of forcing conditions and stratification. The references are nonexhaustive, and we omit observations made exclusively below the mixed layer where plankton are sparse (e.g., Whalen et al., 2012) and instantaneous measurements reported without spatial or temporal averaging (Gemmrich and Farmer, 2004; Gemmrich, 2010) . We also used subsets of some data to estimate the ranges of dissipation rates within the upper and lower 2 m of the water column, representing the most energetic parts of the SBL and BBL. Ranges of dissipation rates were taken from the text or estimated by eye from figures, and clear outliers were omitted. We estimated the mean dissipation rate on a log 10 scale from tabular values or histograms where possible, or as the center of the observed range of log 10 e, assuming that dissipation rates are lognormally distributed (Kolmogorov, 1962) . Although the lognormal assumption is sometimes invalid for measurements in the mixed layer (Yamazaki and Lueck, 1990) , it often provides accurate estimates of central tendency (Gregg et al., 1986; Moum et al., 1995) . We used these estimates of mean log 10 e to represent the range of dissipation rates that occur frequently in a seascape type.
Until recently, dissipation rates have rarely been measured in wave-affected surface waters where direct observations are difficult, so to fill this gap we also estimated dissipation rates in the upper water column using NDBC buoy data (see Appendix, where e r and e w are given by Eqs. (1), (2). The shear velocity was calculated from the wind stress s estimated as
where
À3 is a drag coefficient, U w is wind speed at 10 m, and q a is air density (e.g., Smith, 1980) . The transfer velocity c e in Eq. (2) was estimated from the wind speed as
where a 0 ¼ 0:148 and a 1 ¼ 1:11 m s À1 are empirical constants (Hwang, 2009) . Wind speeds U w and wind-wave heights H w were taken from 45-day records of real-time data from discus buoys, and wind speeds were corrected from the recording height of 5 m to 10 m using the wind profile power law (Peterson and Hennessey, 1978) . The observation period (19 April-3 June, 2014) excludes the windier winter months but spans a productive time for plankton. For each buoy data set, e was calculated for all recorded time points from z ¼ 20 m below the surface to H w =2, the maximum height at which Eq. (2) can be considered valid . As with the published dissipation rate estimates, we recorded the range of values and the center of the range of log 10 e. These buoy estimates supplement the published observations and extend the estimated range of dissipation rates in the wave-affected surface layer.
Spatial variation in waves
To characterize the variation of wave-generated signals in different seascapes, we analyzed wave statistics from historical NDBC buoy data and from the literature. The NDBC historical data (see Appendix, Table A .2) include the dominant wave period x D and significant wave height H s but no spectral data. We used the most recent 5 years of archived data through 2013 and the approximations in Eqs. (21), (22) (Table 2 ). These estimates rely on linear wave theory and are speculative in the surf zone, where waves are highly nonlinear. We recorded the range of standard deviations (SD) rD uz and rã u and used the log 10 -scale means of these estimates to represent the range of wave-generated signals that occur frequently in each seascape.
Combined turbulence-and wave-generated signals
Plankton experience the total shears and accelerations produced by turbulence and waves as they co-occur, so we quantified these simultaneous signals using coastal observations and NDBC buoy data. We analyzed the co-occurring hydrodynamic signals in sheltered versus exposed habitats using data from two sites in Massachusetts, United States: a sheltered, well-mixed tidal inlet (BH; Barnstable Harbor) and an exposed site on the inner shelf (MVCO; Martha's Vineyard Coastal Observatory). The observations at BH were collected in the navigational channel during July 2004 using an acoustic Doppler velocimeter (ADV) that measured at 0.78 m above the bottom in a mean depth of 6.8 m (Fuchs et al., 2010) . The observations at MVCO were made during the CBLAST study in the fall of 2003 using several ADVs that measured at a depth of about 2 m below the mean sea surface in 16 m water depth (Gerbi et al., 2009 ). These two data sets represent different boundary layers but enable a detailed comparison of sheltered conditions, where waves are generated only by the local winds, versus exposed conditions, where waves can include both locallygenerated wind waves and swell. For each coastal site we estimated the turbulence-generated, wave-generated, and total velocity gradients. We computed the variances of turbulence-generated shears and accelerations (r (17) and (18)). At BH the near-bed velocity record showed little evidence of waves, so dissipation rates were estimated using the inertial subrange of the ADV vertical velocity spectrum (Fuchs et al., 2010) . At MVCO wave activity made spectral estimates of dissipation rate difficult, so dissipation rates were estimated from measured wind stress and H w using Eq. (2) (Churchill et al., 2006; Gerbi et al., 2009) . At both sites we computed the variances of wave-generated shear and acceleration (r 2 Duz and r 2 au ) from the wave spectrum using ADV vertical velocity time series and linear wave theory (Eqs. (19) and (20)). At MVCO, we also computed the wave-generated signal variances using the significant wave height and dominant wave period (Eqs. (21) and (22)) solely for comparison to the spectral estimates (Eqs. (19) and (20)). We did not do this comparison for BH because waves were weak, particularly in the near-bed location of our observations. Finally, we calculated the total variances of signals r 2 Duz and r 2 au at each site using Eqs. (15) and (16). The signal distributions at these two sites exemplify how turbulence and waves influence seascape characteristics in sheltered inlets and on the continental shelf.
To compare how hydrodynamic signals co-vary on the continental shelf and open ocean, we similarly analyzed real-time NDBC data from discus buoys that include both standard meteorology and wave spectral data. For each 45-day buoy record, we estimated the turbulence-generated signal variances (r time-and depth-averaged dissipation rates, which were estimated using Eqs. (17) and (18) (Section 3.1). We estimated the wavegenerated signal variances (r 2 Duz and r 2 au ) from the time-averaged significant wave height and dominant wave period using Eqs. (15) and (16). These signal estimates from buoy data provide insight on the relative influence of turbulence and waves among exposed habitats that vary in their water depth and fetch.
Multiple estimates were condensed to define the ranges of cooccurring hydrodynamic signals that occur frequently and can be considered typical of each habitat type. For each seascape we defined frequently-occurring dissipation rates as those within the range of log 10 -scale mean e from observations and buoy estimates.
These frequently-occurring dissipation rates were used to estimate the range of frequently-occurring, turbulence-generated signal (17) and (18)). For each seascape we defined frequentlyoccurring wave conditions by the range of log 10 -scale mean wave-generated signals (r 2 Duz and r 2 au ) estimated from buoy and literature data (Eqs. (21) and (22); Section 3.2). Lastly, in each seascape we estimated the total signal variances (r 2 Duz and r 2 au ) by summing the variances of turbulence-and wave-generated signals produced over all frequently-occurring turbulence and wave conditions (Eqs. (15) and (16)). This approach assumes that turbulence and waves are uncorrelated and is invalid in the surf zone, but in the absence of a more appropriate theory we treated all seascapes equally. These total signal variances describe a general pattern of how velocity gradients covary among seascapes and are defined hereafter as typical signals in each seascape.
Relating signals to sensing and forces on plankton
We related the typical hydrodynamic signals to observed plankton behaviors using three exemplary species with different sizes, receptor types, and behavioral responses. Dinoflagellates bioluminesce at high shear stress (e.g., Latz et al., 1994; Latz and Rohr, 1999; Latz et al., 2004) , sensing shear as deformation of the cell wall. Ceratocorys horrida (d ¼ 70 lm) is the most sensitive species observed and produces bioluminescent flashes in laminar pipe flow with wall stress of P 0:02 N m À2 (Latz et al., 2004) . Some invertebrate larvae change their vertical motions in response to turbulence (e.g., Young, 1995; Welch and Forward, 2001; McDonald, 2012) , and behaviors are most thoroughly characterized for oysters, Crassostrea virginica. Pediveliger larvae (d % 310 lm) sense flow using statocysts and either swim faster upward or actively dive in response to accelerations of P 1 m s
À2
or to body rotations induced by turbulent vorticity of P 0:4 s À1 Fuchs et al., 2015b; Fuchs et al., 2015a) . Some copepods perform escape jumps in shear or turbulence (reviewed by Kiørboe, 2011; Buskey et al., 2012) , and behaviors are most often studied in Acartia tonsa. The adults (d % 900 lm) sense shear as bending of mechanosensory setae on the antennae and jump at above-threshold deformations, although the threshold varies with experimental conditions (Kiørboe et al., 1999; Gilbert and Buskey, 2005; Webster et al., 2015) . Each study quantified a different type of shear, so we converted all shears to dissipation rates using turbulence equations (Table 1) or used the authors' estimates of threshold dissipation rate.
We also used the co-occurring shears and accelerations to generalize the typical forces exerted by fluid motion on plankton in ) to provide estimates of the minimum detectable shear force. The shear force and pressure gradient force represent signals that could be sensed with different receptor types and provide insight into how sensitivity to shears and accelerations might vary among taxa and among ocean regions.
Results
Spatial variation in turbulence
The seascape regions that we examined had broad ranges of observed dissipation rates with considerable overlap (Fig. 3A, ref- erences in Table A .1). The ranges of e observed in individual studies were smaller than the full range of e observed in aggregate within a seascape type by one to several orders of magnitude. Estimates from buoy data were more consistent within seascapes and typically ranged from e % 10 À9:5 -10 À4:5 m 2 s À3 (Fig. 3B ). This consistency reflects the fact that buoy estimates of e all spanned the same date range and the same depth range (6 20 mbs), including near-surface estimates that are missing from most observations. Buoy estimates suggest that mixed-layer dissipation rates are well represented by observations on the continental shelf but not in the open ocean, where microstructure observations typically omit the upper 5-10 m. The largest dissipation rates were observed in surface and bottom boundary layers. Although SBL observations were sometimes large in all locations, the BBL in estuaries and inlets was generally more turbulent than the BBL on the continental shelf (Fig. 4) . This result reflects the fact that bottom currents are strongest in shallow water. The range of frequently occurring e was defined here by the log 10 -scale means from all dissipation estimates (Fig. 3) . Using this metric, the maximum frequently occurring e differed by a factor of 6 2 among inlets and estuaries, continental shelves, and the open ocean, but was $ 100 times larger in surf zones than in other seascapes.
Spatial variation in waves
Spatial patterns were more evident in the wave-generated accelerations estimated from buoy and literature data (Fig. 5) . Acceleration ranges were seascape-specific due to geographic variation in the significant wave height and dominant wave period (Table 2, Fig. 5 ). Average significant wave heights in the open ocean were nearly double those on the continental shelf, and wavegenerated accelerations were frequently higher in the open ocean than on the shelf. Of the shallow seascapes, estuaries and inlets had the smallest wave heights and shortest periods, corresponding to the smallest wave-generated accelerations. Surf zones had intermediate wave heights but long wave periods similar to those on the continental shelf and open ocean ( Table 2 ). The estimated wave-generated accelerations in the surf zone were comparable to the maximum estimates in other seascapes, although in the surf zone measurements are scarce and theory is uncertain. Overall the frequently-occurring, wave-generated accelerations were highest in the surf zone, followed by the open ocean, continental shelves, and sheltered coastal sites.
These indirect estimates, computed from buoy records or literature values of H s and x D , were generally comparable to the few available direct observations of wave-generated accelerations (Fig. 5) . The buoy-based estimates from the continental shelf spanned a range similar to the observed wave-generated accelerations at MVCO (Fig. 5A and B) . The literature-based estimates for estuaries also spanned a range similar to the observed wavegenerated accelerations at BH (Fig. 5A ). The BH observations had a lower mean value than the literature-based estimates due to differences in morphology and methodology: BH has a shorter fetch ($ 6 km channel) than the other estuaries (Table 2) , and observations at BH were made near the seabed where waves are weakest, whereas the indirect estimates of accelerations were computed over the whole water depth. In the surf zone, the only available observations are of total accelerations (Elgar et al., 1988; Elgar (1988) et al., 1990). The literature-based estimates of wave-generated accelerations are within the range of the observed total accelerations (Fig. 5A) , suggesting that our surf-zone estimates of wavegenerated signals are on the correct order.
Combined turbulence-and wave-generated signals
The total shears and accelerations include contributions from both turbulence and waves, which differed in their relative influence on hydrodynamic signals at the sheltered and exposed coastal sites (Fig. 6) . The temporal variation of shears and accelerations was dominated by tidal currents at the near-bed BH site and by weather at the near-surface MVCO site (not shown). The sheltered BH site had strong turbulence but minimal waves, and the accelerations due to waves exceeded those due to turbulence only at slack tides. The wave signal was small both because BH is sheltered with a short fetch and because observations were collected near the bottom. The distributions of both total shear and total acceleration were dominated by turbulence. The exposed MVCO site had weaker turbulence but larger wind-generated waves and swell, and while the total shear distribution was dominated by turbulence, the total acceleration distribution was dominated by waves.
These results illustrate the potential for hydrodynamic signals to be controlled by different physical processes in different habitat types.
We also used the MVCO data to compare the spectral estimates of wave-generated shears and accelerations (Eqs. (19) and (20)) against the simpler estimates computed from the dominant wave characteristics (Eqs. (21) and (22)). The simpler functions underestimated the wave-generated shears but gave good estimates of wave-generated accelerations (Fig. 7) . This difference may reflect the stronger dependence of shears on frequency; k / x 2 in deep water, so the shears scale with $ x 6 , whereas the accelerations scale with $ x 4 , making the shears more sensitive to the exclusion of high frequencies in Eqs. (21) and (22). We are confident that the underestimates of wave-generated shears should contribute little error to estimates of total shears, because the spectral estimates confirm that the generation of shears is generally dominated by turbulence (Fig. 6) .
In all seascapes the typical shears were primarily generated by turbulence, while the typical accelerations were primarily generated by waves (Fig. 8, Table 4 ). At most dissipation rates (e P 10 À8 m 2 s
À3
) and all typical wave conditions, the variance of total shear deformation rate was entirely determined by (Table 1) surf zone (Table 1) surf zone (Elgar et al. 1990) surf zone (Elgar et al. 1988) acceleration SD (m s . Ranges of wave-generated acceleration SD rã u : (A) from observations or estimated from literature data and (B) estimated from NDBC buoy data. All wave-generated accelerations were estimated from significant wave height Hs and dominant wave period xD; Elgar et al. (1988 Elgar et al. ( , 1990 ) report total accelerations. Colors, lines, and symbols as in Fig. 3 . Each line represents a different set of observations (see text; Table 2 ) or buoy (see Appendix, Table A .2). Shaded areas represent ranges of log 10 -scale mean rã u estimates from each seascape.
turbulence ( Fig. 8A ) and was largest in shallow regions where turbulence is strong near both boundaries. This pattern would be echoed in other forms of spatial velocity gradients including vorticity, which is zero under linear surface waves. In contrast, at most dissipation rates (e 6 10 À3 m 2 s À3 ) the variance of total acceleration was strongly influenced by waves (Fig. 8B ) and generally was larger in offshore regions where winds are strong and the fetch is unlimited. The largest dissipation rates (e > 10 À3 m 2 s À3 ) occurred frequently only in the surf zone, which was the only location where accelerations were dominated by turbulence rather than by waves under more energetic conditions. These results agree with predictions of where turbulence should dominate the production of shears or accelerations (Eqs. (10) and (11), Section 2.2) and demonstrate that the dissipation rate is generally a good predictor of shear magnitudes but a bad predictor of acceleration magnitudes. The relative influence of turbulence and waves was reflected in the joint distributions of typical shears and accelerations, which demarcated seascapes as distinct hydrodynamic environments (Fig. 9) . The surf zone contained the largest signals of both types and had little overlap with signal ranges in other seascapes. The continental shelves and open ocean were most hydrodynamically similar to each other and shared similar ranges of shears and some overlap in accelerations. The open ocean and inlets and estuaries were completely distinct from each other due to differences in their ranges of typical accelerations. Despite considerable overlap in shear distributions, all seascapes exhibited some range of joint signal distributions that was unique.
The typical signal ranges generally agreed with individual estimates of co-occurring r Duz and r au from real-time buoy data and coastal data sets (Fig. 9) . Estimates from real-time buoy data fell within the typical signal range on the continental shelf but not in the open ocean, where some real-time buoy estimates had accelerations lower than the typical range. This difference indicates that the spring real-time data lacked the larger sea states present in the fall and winter months that are included in historical data. On the continental shelf, the MVCO observations spanned the full range of typical signals and beyond; this additional scatter reflects the fact that mean estimates at MVCO were at the high end of those used to calculate typical signals, partly because MVCO data are from the surface boundary layer, whereas the indirect estimates extend to 20 m depth. The least dissipation rate acceleration SD shear deformation rate SD Fig. 6 . Histograms show dissipation rate e (left), shear deformation rate SD rD uz (center), and acceleration SD ra u (right) due to turbulence (light gray), waves (dark gray), and both processes combined (black line) in a well-mixed tidal inlet at Barnstable Harbor, MA (upper; Fuchs et al., 2010) and on the continental shelf at Martha's Vineyard Coastal Observatory (lower; Gerbi et al., 2009 ). Wave-generated signals are spectral estimates (Eqs. (19) and (20)). agreement was seen between BH observations and the estimated ranges of typical signals in inlets and estuaries. The BH data fell almost entirely on the expected signal distribution for isotropic turbulence and had shears extending into the typical range for the surf zone. The near-bed measurement location and the short fetch of the BH inlet make these observations more representative of nearshore BBLs than of an average estuarine water column.
Sensing and forces on plankton
Three species were used to exemplify how the threshold signals for observed plankton behaviors compare to typical signal ranges in different seascapes. The observed thresholds are instantaneous signals, whereas the typical signals are statistical representations. Although threshold signals have some non-zero probability of occurring in any seascape, this comparison identifies where above-threshold signals would occur frequently. The three species react to turbulence or shears with varying threshold values but would do so most frequently in coastal seascapes (Fig. 10) . Dinoflagellates produce flashes of bioluminescence at shear stresses on the high end of typical signals in the surf zone (Fig. 10A) , and spurious flashes would be rare in other seascapes; this rarity is precisely what makes bioluminescence startling to predators (Abrahams and Townsend, 1993) . Oyster larvae swim faster or dive rapidly at high vorticities; these responses would occur most frequently in coastal seascapes, particularly in bottom boundary layers, but also could occur in the windiest near-surface conditions offshore (Fig. 10B) . Larvae react similarly to high accelerations, but the threshold value exceeds typical accelerations outside the surf zone and may occur mainly in accelerating flows generated by suction-feeding fish (Higham et al., 2006; Holzman et al., 2008) . Copepods perform escape jumps at deformation rates that vary with experimental conditions (Fig. 10C) . Cultured copepods react to shears typical of all seascapes, whereas wild copepods react to higher shears typical only of the surf zone, and wild copepods in background turbulence react to still higher shears. Among these examples, the larger organisms reacted to weaker shears and could sense environmental fluid motions over a wider geographic range. (16)), computed over the range of frequently occurring turbulence and wave-generated signals in each seascape (Figs. 3 and 5 ). Colors as in Fig. 3 . Color patches for shear in surf zones, inlets and estuaries, and continental shelves (A) cannot be seen because total shear variances are dominated by turbulence at frequently occurring dissipation rates. Color patch for acceleration in surf zone (B) curves upward because total acceleration variances are dominated by waves at lower dissipation rates and by turbulence at higher dissipation rates. To understand how the typical ranges of shears and accelerations relate to hydrodynamic sensing more generally, we also expressed these signals as the forces they would exert on plankters of different sizes. Shear forces F s are calculated from shear deformation rate and would be dominated by turbulent motions, whereas pressure gradient forces F a are calculated from fluid accelerations and are more dependent on wave motions (e.g., Fig. 9 axes). These estimates of F s and F a are standard deviations that describe the frequency distributions of forces rather than instantaneous values. Not unexpectedly, these forces varied among seascapes with a pattern similar to that of shear or dissipation rate and acceleration (Fig. 11) . For a given plankter size, these forces spanned four and three orders of magnitude respectively, with the smallest shear forces in the open ocean, the smallest pressure gradient forces in inlets and estuaries, and the largest forces of both types in the surf zone. The shear force and pressure gradient force are proportional to powers of the radius, r 2 and r 3 respectively, so the absolute and relative magnitudes of F s and F a varied with plankton size. Smaller plankton generally would experience shear forces that were relatively larger than the pressure gradient forces, whereas larger plankton would experience these forces with more similar magnitudes. The drag force F d depends on both size d and swimming speed u s , and its relationship to F s varied with the relative magnitudes of d and u s . At slow to intermediate swimming speeds, plankton of each size category would experience shear forces greater than the drag force, suggesting that environmental shears would be detectable in surface waters of all seascapes. Fuchs et al., 2015b; Fuchs et al., 2015a ). (C) Adult copepods (Acartia tonsa, d ¼ 800-900 lm) perform escape jumps at above-threshold longitudinal deformation rates in siphon flow. Estimated thresholds differ for cultured copepods (dotted line, light gray; Kiørboe et al., 1999) , wild-caught copepods (dash-dotted line, medium gray; Gilbert and Buskey, 2005) , and wild-caught copepods with background turbulence (dashed line, dark gray; Gilbert and Buskey, 2005) . Black solid lines span ranges of typical dissipation rates and acceleration SD in each seascape as in Fig. 8B , and heavy black line indicates relationship between dissipation rates and acceleration SD in isotropic turbulence. Gray vertical lines indicate dissipation rate at which Kolmogorov length scale equals the body length d (solid, A-C) or a seta length (dashed, C; $ 200 lm Paffenhöfer, 1998).
Discussion
Seascape patterns in hydrodynamic signals
In surface waters, most seascapes are relatively indistinct from one another based on signals from turbulence alone but are hydrodynamically distinct based on combined signals from turbulence and waves. The largest dissipation rates are most often observed in shallow, nearshore waters, primarily due to wave breaking in surf zones and strong turbulence in the benthic boundary layers of inlets and estuaries (Figs. 3 and 4) . Based on the ranges of frequently occurring e, however, only the surf zone can be considered unique (Fig. 3) . In offshore seascapes, the buoy estimates provide an important near-surface supplement to the published observations that often omit the upper 5-20 m. When the buoy estimates are included, there is substantial overlap in ranges of e among other seascape types, and the maximum shears are similar among regions. Dissipation rates have similar maxima in all seascapes outside the surf zone, and the common idea that mixed-layer turbulence is weakest in the open ocean is primarily an artifact of previous under-sampling in the wave-affected surface layer. In contrast, enclosed and offshore seascapes are sharply delineated by wave-generated accelerations. When both turbulence and waves are accounted for, the distributions of shear and acceleration differ among ocean regions (Fig. 9) . This spatial pattern demonstrates that it is possible for plankton to experience seascapes as distinct sensory environments (Fig. 12) .
A combination of intense turbulence and large waves would make surf zones the most recognizable seascape. Surf-zone turbulence frequently generates shears of 1-100 s À1 (Fig. 3) , while shoaling and breaking surface waves generate large accelerations. Observed cross-shore accelerations have standard deviations between 0.1 and 1 m s À2 (Elgar et al., 1988 (Elgar et al., , 1990 , and maximum instantaneous accelerations are larger (6 10 2 m s
À2
; Gaylord, 1999; Elgar et al., 2001 ). This combination of strong signals distinguishes the surf zone from sheltered coastal habitats, where large shears can occur with small accelerations, and from the open ocean, where large accelerations can occur with small shears (Fig. 9) . Surf zones are well studied in the context of hydrodynamic forces on benthic organisms (Denny et al., 1985; Helmuth and Denny, 2003) , but effects of surf on plankton have received less attention. Our results support the concept that plankton could experience surf zones as hydrodynamically unique habitats (Gaylord et al., 2013) .
Other sources of variability may make seascapes more hydrodynamically distinct than our analysis suggests. For example, inlets and estuaries often have asymmetric tides with stronger turbulence on flood and spring tides than on ebb and neap tides (Simpson et al., 1990; Geyer et al., 2000) . These tidal variations were obscured by our use of a single mean log 10 e for each set of observations, and accounting for different tidal cycles likely would raise the estimated upper limits of frequently occurring e in inlets and estuaries. Tidal currents also generate strong turbulence in bottom boundary layers (Figs. 4 and 9 ) with regularity. At the Barnstable Harbor inlet site, measured dissipation rates were e P 10 À4 m 2 s À3 half of the time, whereas offshore, such values occurred rarely. The BH data demonstrate that the bottom boundary layers in inlets can have strong turbulence and shears comparable to those in the surf zone while lacking any influence of waves (Fig. 9) . With sufficiently resolved data it is possible that inlets and estuaries could be classified as the second-most turbulent seascape. Within all seascape types, ranges of hydrodynamic signals will vary with stratification, seasonal cycles, and latitudinal gradients in wind and wave conditions. Stratification can cause dissipation rates and turbulent shears to vary by several orders of magnitude over a vertical scale of a few meters (Peters and Bokhorst, 2000; MacKinnon and Gregg, 2003; MacKinnon and Gregg, 2005a) , although stratification has little effect on wave-induced accelerations. In estuaries where turbulence is driven primarily by tidal currents, salinity stratification can suppress turbulence in the surface and bottom boundary layers while aiding in the development of turbulence in shear layers (Stacey et al., 1999; Peters and Bokhorst, 2000; Stacey and Ralston, 2005; Scully et al., 2011) . Stratification may differentiate flow regimes among otherwise similar habits such as inlets and estuaries (e.g., Fig. 12 ). Both temperature stratification and the intensity of wind-generated turbulence vary seasonally, with weaker stratification and stronger winds in winter months than in summer. Wind speed, wind variability, and significant wave height also generally increase with latitude and are highest at P 40°N or S (Caires and Sterl, 2005; Monahan, 2006) . This synthesis includes data from a wide range of stratified conditions and buoy-based wave estimates from all seasons. There are few observations from high latitudes, however, and the buoy-based estimates of dissipation rate are only from late spring, omitting the windier winter months. Thus we likely underestimated the maximum, frequently occurring shears and accelerations in each seascape type (Figs. 8, 9 ), as well as the forces that these signals exert on plankton (Fig. 11) . Our analysis assumed that turbulence is isotropic, but stratification and fronts can generate shear layers where the dominant signals have a consistent orientation relative to gravity. In coastal regions, waves also become more anisotropic with depth, and vertical accelerations attenuate more rapidly than horizontal accelerations. Anisotropy is most relevant for plankters whose sensitivity to physical signals is directional, including copepods that use setae as external motion detectors (Fields, 2010) and mollusk larvae that use statocysts to sense changes in body orientation relative to gravity (Fuchs et al., 2015a) . Although the anisotropy of waves is described by the wave equations (Table 1) , the anisotropy of turbulence cannot be recaptured statistically from dissipation rates. Thus the estimates of typical shears may be less applicable to shear layers, which can occur in any seascape outside the surf zone. Shear layers can concentrate phytoplankton into thin layers through several mechanisms (Durham and Stocker, 2012) and concentrate zooplankton through feeding activity (e.g., Gallager et al., 2004; McManus et al., 2005; Menden-Deuer and Grünbaum, 2006) . These biological hotspots may also be unique as sensory microenvironments, and more detailed observations are needed for comparing them to broader seascape regions.
Our analysis of seascapes is statistical, whereas individual plankters experience instantaneous signals that vary continuously in time. From the individual perspective, sensing depends on both the magnitude and duration of signals exceeding detection limits. The frequency of encounters with above-threshold signals depends on the process dominating the production of velocity gradients (Section 2.3). For example, wave-generated signals are normally distributed and could have magnitudes P 3r only $ 0:3% of the time, whereas turbulence-generated signals have high kurtosis and could have magnitudes P 3r as much as 11% of the time (Chebyshev's inequality). The duration of strong signals depends on how plankton behave and interact with turbulent flow features, including coherent vortices and filaments. The time scales of plankter-flow interactions are a complex problem and have typically been addressed either using model plankters in realistic turbulence (Crimaldi et al., 2002; Koehl and Cooper, 2015; Pepper et al., 2015) or using real plankters in controlled vortices that mimic turbulent structures (Webster et al., 2015) . There is no general theory relating hydrodynamic signals to interaction time scales, and our synthesis of typical signals provides a necessary baseline for quantifying the hydrodynamic signals experienced most frequently in different seascapes.
Implications for hydrodynamic sensing
Our results suggest that turbulence causes widespread interference in signaling among predators and prey. Many copepods and ciliates exhibit escape jumps when they encounter flows mimicking those produced by suction-feeding predators, with threshold shears of D ux (or D uz ) % 1-10 s À1 (Kiørboe et al., 1999; Jakobsen, 2001 ). These escape thresholds are often assumed to be higher than typical background levels Kiørboe, 2013 ), but we found that offshore dissipation rates frequently exceed previously assumed limits, and background shears frequently exceed D uz ¼ 1 s À1 in all seascape types (Figs. 3 and 9 ). This background turbulence can dampen responses to predators or prey by reducing sensitivity and shortening the reaction distance at which plankton respond to fluid motions generated by other organisms (Costello et al., 1990; Saiz and Kiørboe, 1995; Visser, 2001) . Reduced sensitivity or acclimation may help to limit spurious jumps; for example, the copepods A. tonsa perform escape jumps at threshold dissipation rates that are up to 100Â higher in turbulence than in still water (Fig. 10C) . At the lowest observed threshold, these copepods would waste considerable energy reacting to environmental fluid motions in their estuarine habitats, whereas at the highest threshold, they could only escape predators that produce particularly strong signals. For species that acclimate, the threshold signal will increase with the frequency of strong signals, making it more difficult to generalize behaviors at sea from laboratory observations. The intensity of hydrodynamic noise will be high in all surface waters, and predator-prey signaling should be evaluated in this context. Given this likelihood of strong signal interference, the ability to sense predators or prey may depend primarily on plankton depth distributions. Turbulence is often strongest in the surface and bottom boundary layers, which influence proportionally more of the water column in shallower nearshore habitats (Fig. 12) . In inlets and estuaries, strong turbulence may make predator-prey signaling ineffective at any depth, whereas on the continental shelf and open ocean, predator-prey sensing will be most effective in deeper, calmer parts of the water column. Some plankton do avoid turbulent surface waters (e.g., Incze et al., 2001 ), but such behaviors usually are explained by the effects of turbulence on encounter rates, prey capture efficiency, and overall fitness (Rothschild and Osborn, 1988; Kiørboe and Saiz, 1995; Visser et al., 2009) . It is unclear whether depth preferences also reflect hydrodynamic sensitivity or whether plankton have additional means of distinguishing among signals generated by animals and by physical processes.
This data synthesis also helps to place quantitative limits on the utility of turbulence intensity as an indicator of habitat type. It has been hypothesized that dispersing larvae of coastal species perceive strong turbulence as a signal of energetic nearshore waters and react by approaching the seabed to explore settlement sites (e.g., Chia et al., 1981; Fuchs et al., 2004 ) in all seascapes but exceed this value only in surf zones (Figs. 3, 4) . These high dissipation rates also occur regularly in the bottom boundary layers of inlets and estuaries (e.g., Fig. 6 ). Thus e P 10 À4 m 2 s À3 would be a decisive indicator of nearshore conditions. This hypothetical threshold exceeds the minimum dissipation rates that induce mollusk larvae to switch from upward swimming to sinking or diving in laboratory studies (e ¼ 10 À6 -10 À5 m 2 s
À3
; e.g., Fig. 10 ; Fuchs et al., 2004; Fuchs and DiBacco, 2011; . However, larvae sink or dive more frequently at higher dissipation rates and thus would be more likely to react in energetic coastal zones. The threshold dissipation rates also occur more frequently in inlets and estuaries than offshore and would be indicative of enclosed habitats when they occur in the absence of large wave-generated accelerations found over the shelf and in the open ocean (Fig. 9) .
Although hydrodynamic signals vary geographically, the ability of a plankter to discriminate among seascapes depends on how its sensory system detects fluid forces. All seascapes produce unique ranges of shear forces F s and pressure gradient forces F a (Fig. 11 ) and could be sensed as distinct environments by plankton that have some combination of receptors for these distinct forces. The shear force could be felt by external mechanosensors (e.g., cilia or antennae) as fluid deformation or by internal gravity detectors (e.g., statocysts or Müller's vesicles) as vorticityinduced rotation, whereas the pressure gradient force could be felt by accelerometers as a change in speed. A single sensor may be sufficient to identify the shallowest habitats: the surf zone could be detected as an above-threshold shear force by external mechanosensors or gravity detectors, whereas inlets and estuaries could be detected as a below-threshold (or absent) pressure gradient force by accelerometers. All habitats could be identified more decisively using multiple receptor types that detect both shear and pressure gradient forces. This potential capacity to identify specific habitats is most relevant for dispersing larval stages. Larvae of nearshore species may need only a single receptor type to locate settlement sites, whereas larvae of offshore species may need multiple receptor types to definitively locate preferred habitats.
Sensitivity to shear forces could be limited by the drag on a plankter induced by its swimming motion (Fig. 11) . Although the viscous drag force F d depends on plankton behavior and the shear force F s depends on fluid motions, both forces are generated by flow past the body that can physically deform the body wall or appendages. A plankter likely can only detect shear forces that exceed the drag force induced by its own swimming motion ðF s > F d Þ. While swimming, most plankters also generate fluid motions that raise the risk of being caught by a predator or of alerting prey items (Kiørboe, 2013) , and these risks of moving may be exacerbated by a drag-induced loss of sensitivity to externally produced signals. There is evidence for this effect in zebrafish larvae, which detect predator-induced fluid motions with the lateral line and are less able to sense and avoid these motions while swimming (Feitl et al., 2010; Stewart et al., 2013) . Swimming speed generally increases with body size (Hansen et al., 1997; Kiørboe and Jiang, 2012) , and at typical swimming speeds the drag force falls squarely in the middle of typical shear forces produced by physical processes in most seascapes (Table 3 ; Fig. 11 ). Only stronger shears will be detectable, and thus the lower limits on detection may be set not just by receptor sensitivity, but also by swimminginduced drag acting as background noise.
Forces on sensors also vary with plankton size, and fluid motions will ''feel" different to plankton of different sizes unless there is some compensation in receptor sensitivity. Compared to larger plankton, smaller plankton experience smaller hydrodynamic forces and may need more sensitive receptors to detect the same environmental signals (Fig. 11) . Alternatively, smaller plankton could require a more intense hydrodynamic signal to sense fluid motion. There is evidence for this effect not just among our few example species (Fig. 10) , but also within species whose sensing abilities have been tested over multiple size classes. For example, the copepods A. tonsa and Temora longicornis grow more sensitive to shears over the course of development; compared to copepodites or adults, the smaller nauplii escape at higher shear thresholds (Fields and Yen, 1997; Kiørboe et al., 1999; Titelman, 2001 ) and exhibit weaker behavioral responses to belowthreshold shears (Woodson et al., 2005 (Woodson et al., , 2007 . Both among and within species, larger organisms should sense background turbulence over a relatively larger geographic range.
There are also geographic variations in how size affects the relative intensity of F s and F a . Under the most turbulent conditions in any seascape, a small ciliate would experience shear forces up to 100 times larger than the pressure gradient forces (Fig. 11A) , while a larger copepod would experience shear forces and pressure gradient forces of similar magnitudes (Fig. 11C) . In contrast, under calm conditions in the open ocean, the small ciliate would experience both forces with similar magnitudes, while the larger copepod would experience shear forces smaller than the pressure gradient forces. These comparisons suggest that a smaller, coastal organism would need more sensitive accelerometers or less sensitive mechanosensors to perceive the same relative signal balance as a larger, pelagic organism.
Although body size affects sensitivity to fluid forces, there is little evidence for any conditions where body size would make flow undetectable due to a mismatch in length scales of plankters and fluid motions. The three example species react to turbulence that has Kolmogorov scales much larger or smaller than the organisms themselves (Fig. 10) . Copepods A. tonsa have varying sensitivity, and depending on experimental conditions, they may react to turbulence with Kolmogorov scales ranging from larger than the body to smaller than the sensory setae (Fig. 10C) . In practice, plankters potentially could sense any motions larger than their sensory organs. At sea the Kolmogorov scales are larger than most plankters' sensory organs. The exception is in the surf zone, where the smallest motions occur on scales of g $ 30 lm (Fig. 13 ) that may be imperceptible to some copepods with larger mechanosensory setae (up to $100 lm in length; Paffenhöfer, 1998) . However, the smallest fluid motions occur in the most intense turbulence, where high-energy motions also occur on larger scales that would be sensible to virtually all organisms. The energy-containing scales of motion are nearly always larger than most planktonic organisms, and thus shear detection effectively depends only on signal magnitude.
Our results suggest that turbulence and waves together produce co-occurring shears and accelerations with rich information content, and multi-sensor systems could be powerful adaptations for survival. In calm environments with large Kolmogorov scales, plankters with different-sized shear sensors potentially could distinguish larger environmental fluid motions from smaller-scale motions produced by other plankton (Fields et al., 2002) . Accelerations also potentially could be used to distinguish among seascapes or among signals generated by waves and organisms at different frequencies (Lang, 1980; Budelmann, 1989; Mooney et al., 2010) . Dual sensor systems, e.g., a combination of external mechanosensors and internal gravity detectors or accelerometers, could be particularly useful to dispersing larvae that would benefit from an ability to sense broad-scale habitat differences. Plankton that sense multiple hydrodynamic signals may have a capacity to decode or differentiate signals produced by organisms and by physical processes in different seascapes.
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